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CHAPTER 1. INTRODUCTION
Cooperative magnetic ordering phenomena such as ferromagnetism, antiferromagnetism, and ferrimagnetism have been studied for more than a century, but such phenomena are relatively rare among materials in general (3 ) . With the rise of technology that depends on the magnetic properties of materials, particularly electronic storage media, the development of compounds with tailored magnetic properties has become increasingly important (4 , 5 ) . The relationship between composition, structure, and magnetic properties is not straightforward, however, and discovery of new compounds has so far demanded trial and error (6 ) . Computational insights into the origins of cooperative magnetic phenomena thus have the potential to become valuable heuristics for synthetic research. Declining cost and increasing speed of computation also increase the appeal of such approaches, as more solid-state scientists have access to electronic structure calculations.
In general, cooperative magnetic phenomena arise from some sort of coupling interaction between magnetic moments in a material (7 ) . These phenomena are classified according to the resulting long-range patterns in the magnetic moments. Perhaps the most familiar is ferromagnetism, in which all atomic magnetic moments share the same sign, resulting in a net magnetization that persists in the absence of an external field. Antiferromagnetism is charac- Figure 1 .1b, the magnetic unit cell is equal to the chemical unit cell, but in Figure 1 .1c, it is doubled along the vertical axis.
To experimentally distinguish between such antiferromagnetic cases, diffraction measurements are necessary.
a. b. c. Antiferromagnetism has been observed in several tetragonal 3d-metal arsenides of the series In order to understand the relationship between composition and structure, it is also necessary to consider the "coloring problem," the question of where the atoms are within the structure (19 ) . In the case of CrMnAs, the key coloring question is how Cr and Mn are distributed between the two metal sites in the structure. As described below, previous experiments have indicated that both metal sites have mixed occupancy, but with more Cr on one site and more Mn on the other (1 , 2 , 20 ) . That site preference may determine, or be determined by, the magnetic ordering, so a complete understanding of the magnetic ordering requires consideration of the coloring.
Introduction to the materials

The structure and properties of CrMnAs
CrMnAs, like Cr 2 As, Mn 2 As, and Fe 2 As, adopts a tetragonal structure with a 6-atom chemical unit cell, as shown in Figure 1 .2. This is the Cu 2 Sb-type structure in space group P 4/nmm (#129). It has two metal-atom sites, one at Wykcoff site 2a, labeled M(I), and another at a Wyckoff site 2c, M(II). The arsenic atoms occupy a different 2c site. The M(I) metal atoms are tetrahedrally coordinated by four As atoms, and the M(II) metal atoms are square-pyramidally coordinated by five adjacent As atoms (13 , 21 , 22 ) . Those data are shown in Table 1 .1.
a. M(II) is closer than As to M(I) layer b. M(II) farther than As from M(I) layer The same ICSD entry also cites a 1978 paper by Yamaguchi and Watanabe, but the data actually given in the 1978 paper instead follow the pattern of Figure 1 .3b, with the M(II) atoms farther than the As atoms from the M(I) layers (see Table 1 .2). Yamaguchi and Watanabe based their data on neutron diffraction measurements at 120 K, 290 K, and 534 K. The second ICSD entry is based on neutron diffraction studies at 500 K and 550 K that Fruchart and Sénateur presented in 1982 (2 ) (see Table 1 .3). The 1982 data also follow the pattern of Figure 1 .3b.
These two datasets are in general agreement, within only a 2% difference in the a lattice parameter and agreement on the c parameter. The z locations of the M(II) and As sites differ by only 5% and 3%, respectively.
There are several reasons to conclude that the data in Table 1 .3, following the scenario depicted in Figure 1 .3b, are more reasonable than those in Table 1 .1. In the similarly structured binary metal arsenides, Cr 2 As, Mn 2 As, and Fe 2 As, the M(II) sites are farther from the M(I) layers than the As sites are, as in Figure 1 .3b (12 ) . Analysis by Yuemei Zhang of the diffraction data presented by Yamaguchi and Watanabe in (1 ) agreed with their findings that the diffraction data supported the scenario of Figure 1 .3b (24 ) . Further, when VASP was used to perform LSDA structural relaxation calculations starting from the data in Table 1 .1, the relaxed structures followed the pattern of Figure 1 .3b, with the M(II) sites farther from the M(I) layers than the As sites were. The structural data shown in Table 1 .3, based on (2 ), were therefore used for the calculations that follow, unless otherwise noted.
Both neutron diffraction studies also reached similar conclusions as to the site preference Sample preparation is a particular challenge associated with (Cr for site M(I) and 3.14 µ B for site M(II) (25 ).
Antiferromagnetism of Cr 2 As and Mn 2 As
Powder neutron diffraction studies of Cr 2 As (1 , 14 ) and Mn 2 As (9 , 12 ) have found that they have the orderings shown in Figure to represent an ordering temperature for the M(I) atoms in Cr 2 As. The Néel temperature of Mn 2 As is about 573 K (15 , 30 ).
Introduction to the computational methods
VASP
Total energies, magnetic moments, and optimized structures were calculated using VASP, the Vienna Ab-initio Simulation Package, version 4.6, with plane-augmented wave (PAW) pseudopotentials supplied by the creators of the package (32 ) . A key challenge for density-functional methods when computing electronic structures is how to treat core electrons; explicitly modeling core electrons requires large numbers of plane waves, which can become computationally unrealistic (6 ) . VASP addresses this problem by using pseudopotentials that incorporate the behavior of the valence electrons and the core as a whole (33 ) . Several alternatives for defining the functionals are available through VASP. The local-density appromixation (LDA) uses a exchange-correlation functional that depends on charge density, and the local spin-density approximation (LSDA) uses a functional of both charge and spin density (33 ) . In the generalized gradient approximation (GGA), the functional also depends on the gradient of those densities (34 ) .
A convergence criterion of 10 −6 eV was used for all VASP calculations reported here. That is, the calculations were stopped when the difference in total energy between consecutive cycles was less than 10 −6 eV. The maximum kinetic energy for plane-waves to be included in the basis set was also set to 500.00 eV for all calculations here. Keeping those parameters fixed, and using a real-space projection and consistent smearing method, allows results of VASP calculations to be meaningfully compared (32 ).
TB-LMTO-ASA
Band structures, densities of states, and crystal orbital Hamilton population (COHP) curves (35 ) were calculated using the Stuttgart TB-LMTO program, which implements a tight-binding linear muffin-tin orbital (TB-LMTO) algorithm with the atomic spheres approximation (ASA) (36 , 37 ) . It describes the core by an atomic-sphere function and separately uses spherical harmonics to explicitly model the valence electrons (6 , 37 ).
Other software tools
The structure pictures included here were prepared with the VESTA 3 software package (38 ) . The ICSD's FindIt software package was used to access ICSD data and for generating hypothetical neutron diffraction patterns (39 ).
Goals
This research is intended to address the following questions:
• Do electronic structure calculations support the experimental finding that CrMnAs has a 12-atom magnetic unit cell with the antiferromagnetic ordering shown in Figure 1 .4?
• Can electronic-structure calculations explain why the M(I) site in CrMnAs is preferentially occupied by Cr and the M(II) site is preferentially occupied by Mn?
• Which interatomic interactions play the biggest role in determining the magnetic ordering and coloring of CrMnAs? CHAPTER 2. RESULTS
Total energy of six-atom unit cell
The 
Total-energy calculations
Before any magnetic effects were considered, total energies of the six-atom cells were calculated for all three colorings of the chemical unit cell using VASP software. Without spin polarization, the lowest energy coloring was found to be Mn at site M(I) ( indicate that the coloring must be affected by something not captured in the non-spin-polarized six-atom cell, namely larger-scale ordering or magnetic effects.
The two full-occupancy colorings of the six-atom cells were then considered with each of To investigate whether small changes in the geometry of the structure would affect the ground state, the same calculations were repeated but with geometry optimization. In these structural relaxation calculations, VASP was used to find energy minima while varying not just magnetization but also lattice parameters and atomic positions, while maintaining the volume and symmetries of the unit cell (Table 2. 3).
Although the exact lattice parameters are not the focus of this study, the magnitude of their variation from empirical values can give some insight into how reasonable these calculations are.
In this case, the LDA lattice parameters had the largest deviation from the experimental lattice parameters, with the a parameter 6% smaller and the c parameter 10% larger. Relaxation calculations such as these can serve as a test of the computational model. If the relaxed structures were very different from the experimental structure, it could be an indication that the model was in some way not physically realistic. The fact that the relaxed structures are similar to the input data in this case is reassuring, though not probative. Although varying the geometry introduced some variation in energy, the FiM1 ordering with Mn on site M(I) is still the lowest energy for the six-atom unit cell. With the Cr-at-M(I) coloring, the AFM ordering also remained the lowest with relaxation. Relative In order to examine the nature of particular nearest-neighbor interactions, crystal orbital Hamiltonian population (COHP) curves were generated for these two full-occupancy colorings of CrMnAs. COHP analysis is a method for attributing the band-structure energy of a compound to particular orbital interactions (35 , 46 ) Integrating -COHP over energy produces an integrated COHP (ICOHP) value, which in- Total energies for those 10 antiferromagnetic orderings and two colorings were calculated using VASP. The results are shown in Table 2 .6 and displayed graphically in Figure 2 .11. The calculated moments on each metal site are shown in Table 2 .7. The AF3 ordering with Mn at M(I) has the lowest energy per formula unit of any of the 12-atom-cell scenarios, and it is also 74.6 meV per formula unit lower than the lowest-energy of the 6-atom cases, FiM1 with Mn at M(I).
If the Cr-at-M(I) coloring is assumed, the AF4 and AF7 orderings have the lowest energies, differing by only 0.4 meV. AF8, the ordering suggested by experiment, is 13 meV higher in energy per formula unit than AF4 and AF7. Within the AF8 ordering, however, the Cr-at-M(I) coloring is preferred by 153 meV. In fact, the Cr-at-M(I) coloring is preferred with every magnetic ordering except the 12-atom AF3 case, the 6-atom FiM1 case, the nonmagnetic (LDA) case, and the three cases (AF1, AF10, and FM) that failed to converge with Cr at M(I). Table 2 .6: Calculated total energies for given different magnetic orderings and two colorings. All calculations assume geometric parameters as shown in Table 1 .3, doubled along the c axis for largersupercell orderings. Energies are in meV/f.u., relative to lowest-energy case, which is AF3 with Mn at M(I).
Cr at M(I)
Mn To see whether the outcome of the calculations was sensitive to the geometric parameters, the VASP calculations for AF3 and AF8 orderings were repeated with structural relaxation, optimizing the lattice parameters and atom positions. Results of those calculations are given in Table 2.8 and Table 2 .9. As with the calculations without relaxation, the Mn-at-M(I) coloring was preferred for AF3, and the Cr-at-M(I) coloring was preferred for AF8. Unlike in the earlier results, the AF3 ordering had a lower energy with Cr at M(I) than the AF8 ordering with Cr at M(I). Because they represent ground states with respect to different geometries, these results are not directly comparable, but they suggest some parameter sensitivity to magnetic ordering.
To further clarify the significance of the structural parameters, LSDA total energies of the AF3 and AF8 cases with both colorings were calculated using the geometries that resulted from structural relaxation on the AF3 ordering with Mn at M(I) and on the AF8 ordering with Cr at M(I). The results, shown in Table 2 .10, follow the same pattern as they did when using the structural parameters from the literature: The lowest-energy case is AF3 ordering with Mn at M(I), but the AF8 ordering is preferred over AF3 when Cr-at-M(I) coloring is assumed. 
CHAPTER 3. CONCLUSION
The electronic-structure calculations described here do strongly agree with the experimental finding that spin polarization will occur in CrMnAs. The band structures shown in Figure It is possible that the true ground state of CrMnAs is not the reported AF8 ordering for reasons other than stoichiometry. The magnetic moments might be disordered or have longerrange ordering than is captured in the 12-atom unit cell, and there might be more than one magnetic phase present. To examine the likelihood of a mixed magnetic phase being present in the experimental samples, a simple probability calculation can be applied to a set of possible states at a given temperature, assuming a Boltzmann distribution of those states. Preliminary results of those calculations, taking into account only the antiferromagnetic orderings considered here, suggests that a mix of phases could be present for the Cr-at-M(I) coloring at the experimental annealing temperature, 1173 K. The low-temperature transition at 230 K, which has been assumed to be the ordering temperature of site M(I), could also be an indication of a more complicated picture. The COHP method does not take into account the possibility of indirect exchange, where moments are coupled by way of an intermediary, so exchange parameters will be calculated to determine how significant indirect exchange is in CrMnAs.
Another direction for future work will be to repeat the total energy calculations with the inclusion of an empirical orbital repulsion corrections (LSDA+U). The previous study on M 2 As considered the effect of various Hubbard-type U parameters on the predicted ground state of Mn 2 As. While the empirically observed ground state was predicted by LSDA without the correction, small changes in the U parameter were found to change the predicted ground state.
The expected antiferromagnetic ground state was predicted with U = 0 and U > 2 eV, but a ferrimagnetic ground state was predicted when 0.5 eV ≤ U ≤ 2 eV (12 ).
Moving forward from tetragonal CrMnAs, this research project will look at hexagonal forms of the 3d-metal arsenides. Cr 0.55 Mn 0. 45 As has been observed in a hexagonal structure, and
CrFeAs is known only in a hexagonal structure . The computational techniques used here will be applied to the hexagonal systems, and the origins of the transition between the systems will be examined. The focus will be on whether it is possible to use valence electron count as a proxy for stoichiometry across structural types. The lessons learned on the 3d-metal arsenide project will also be applied to more boride systems with much larger unit cells. Previous work by Fokwa et al. has focused on some of the novel structural and magnetic properties of intermetallic borides featuring 3d transition metals, including triangular subunits in Ti 0.33 Cr 1.67 Ir 2 B 2 (51 ).
That research will be extended by examining that and other intermetallic borides, with the goal of gaining insights that can be used to direct or explain that synthetic research.
